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ABSTRACT 


The  china  clay  technique  for  flow  visualization  was  used 
to  determine  the  surface  flow  on  a  double  circular  arc  (DCA) 
compressor  blade  in  a  large  rectilinear  subsonic  cascade  wind 
tunnel.   A  calibration  experiment  using  a  large  flat  plate 
model  is  also  reported  which  allowed  the  drying  patterns  on 
the  DCA  blading  to  be  interpreted.   Natural  transition 
occurred  on  the  flat  plate  at  a  Reynolds  Number  based  on 
transition  location  of  0.8  x  10  ,  and  on  the  suction  surface 
of  the  DCA  blading  at  significant  negative  incidence  angles 
at  a  Reynolds  Number  based  on  transition  location  of  approxi- 
mately  0.5  x  10  .   At  incidence  angles  larger  than  -3  ,  the 
DCA  blade  showed  a  leading  edge  separation  bubble  with 
turbulent  reattachment. 
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I.   INTRODUCTION 

Codes  and  optimization  techniques  being  developed  for 
the  design  of  modern  compressor  blades  must  incorporate  a 
prediction  of  boundary  layer  transition  and  separation.   The 
boundary  layer  calculation  is  an  important  part  of  the  design 
method  since  the  limit  to  be  approached  in  the  optimization 
procedure  is  the  condition  corresponding  to  insipient  separa- 
tion from  the  suction  surface  of  the  blade. 

In  a  current  study  at  the  Turbopropulsion  Laboratory 
of  the  Naval  Postgraduate  School,  the  performance  of  a  pro- 
posed optimized  controlled  diffusion  (CD)  compressor  stator 
blade  shape  is  to  be  examined  and  compared  with  the  perfor- 
mance of  a  double  circular  arc  (DCA)  blade  shape  which  it 
has  been  designed  to  replace.   The  CD  blade  was  designed  as 
described  in  Reference  1,  which  incorporates  a  particular 
model  for  boundary  layer  transition.   Both  blade  designs 
are  being  tested  in  a  large  subsonic  cascade  wind  tunnel  to 
obtain  comparative  blade  element  data  at  both  on-  and  off- 
design  conditions,  surface  pressure  distribution  data  and 
detailed  flow  profiles  for  code  verification. 

In  order  to  validate  the  optimization  and  flow  analysis 
codes  using  test  data,  it  is  essential  to  establish  experi- 
mentally the  condition  of  the  boundary  layers  when  the  test 
data  are  taken.   In  the  work  reported  here,  the  china  clay 
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technique  was  used  for  the  first  time  in  the  subsonic  cascade 
wind  tunnel  to  determine  transition  and  separation  behaviors 
on  blades  under  test.   First,  the  technique  itself  was  exa- 
mined using  a  large  flat  plate  china  clay  model  mounted  in 
the  center  of  the  test  section  and  tested  at  varying  Reynolds 
Numbers.   The  ability  to  interpret  drying  patterns  on  the 
plate  surface  when  the  leading  edge  was  sharp,  and  when  it 
was  given  a  radius  identical  to  that  on  the  DCA  blade,  was 
developed.   Secondly,  the  surface  flow  behavior  on  the  DCA 
blades  when  operated  over  a  range  of  incidence  angles  was 
examined  and  interpreted.   It  was  concluded  that  the  presence 
of  a  leading  edge  separation  bubble  at  all  incidence  angles 
greater  than  -3   was  sufficient  to  trigger  transition  and 
turbulent  reattachment  on  the  blade  suction  surface.   Similar 
techniques  will  be  applied  in  future  tests  of  the  CD  blading, 
the  leading  edge  of  which  has  a  larger  radius  and  could  lead 
to  quite  different  results. 
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II.   TEST  FACILITIES  AND  INSTRUMENTATION 

A.  RECTILINEAR  CASCADE 

The  cascade  facility  used  in  this  study  is  shown  in 
Figure  1.   References  2  thru  4  describe  the  cascade  and  the 
modifications  which  preceded  this  study.   Appendix  A  de- 
scribes a  further  modification  made  to  the  plenum  of  the 
tunnel  to  reduce  the  turbulence  level  and  possible  excitation 
of  the  turning  vanes.   The  cascade  air  supply  is  a  700  HP 
blower  located  in  the  basement  of  the  cascade  building.   The 
test  section  is  10  x  60  inches  and  contains  20  test  blades 
at  preset  incidence  and  stagger  angles.   The  test  section 
arrangement  is  shown  in  Figure  2.   A  plexiglas  wall  was  used 
in  place  of  the  original  steel  wall  to  facilitate  flow 
visualization  techniques.   The  detailed  measurement  of  flow 
conditions  in  the  cascade  test  section  were  reported  by 
Himes  [Ref.  5].   Reference  nominal  flow  velocities  and 
Reynolds  Numbers  experienced  at  different  power  settings  are 
listed  in  Table  I. 

B.  INSTRUMENTATION 

The  complete  tunnel  instrumentation  system  was  not 
required  for  this  study.   One  DCA  blade  instrumented  with  39 
pressure  taps  as  shown  in  Figure  3,  was  placed  in  the  center 
of  the  cascade.   A  Prandtl  probe  was  inserted  into  the  flow 
three  inches  ahead  of  the  test  blades  to  measure  reference 
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total  and  static  pressures.   All  pressure  measurements  were 
recorded  using  a  Hewlett-Packard  3052  Data  Acquisition  System 
and  two  4  8  port  Scanivalves.   Pressure  data  were  recorded 
and  stored  on  magnetic  tape  cassettes. 

C.   CHINA  CLAY  TECHNIQUE 

The  emphasis  in  the  present  study  was  on  the  use  of  the 
china  clay  technique.   The  technique  of  applying  a  china  clay 
coating  to  test  models  is  described  in  Reference  6.   Recom- 
mendation for  the  mixing  of  the  china  clay  solution  are  also 
given  in  Reference  6,  as  well  as  some  generalized  guidelines 
for  interpreting  the  surface   patterns  that  develop. 

The  evaporation  of  the  developer  solution  on  the  model 
surface  is  controlled  by  the  laws  of  forced  convective  heat 
transfer.   Briefly  stated,  the  heat  transfer  rate,   Q  ,  is 
given  by 


Q  =  hA(Tf  -  Tg) 


where   h  =  convective  surface  heat  transfer  coefficient 
A  =  surface  area 
T.c  =  bulk  fluid  temperature 
T   =  solid  body  temperature 
In  the  tests  performed  in  the  present  study,  the  fluid 
temperature  and  the  model  temperature  were  nearly  the  same. 
Therefore,  the  parameter  that  controlled  the  evaporation  of 
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the  developer  was  the  convective  surface  heat  transfer 
coefficient,  h  . 

The  flat  plate  shown  in  Figure  4  was  used  to  calibrate 
the  observations.   Figure  5  shows  a  schematic  of  the  surface 
flow  on  a  flat  plate.   As  described  in  Reference  7,  the 
laminar  boundary  layer  has  two  subregions.   The  first  region 
near  the  leading  edge  is  characterized  by  a  very  high  shear 
and  a  very  thin  boundary  layer.   The  second  region  is  charac- 
terized by  a  relatively  thicker,  well  developed  laminar 
boundary  layer.   The  first  region,  because  of  the  very  high 
shear  and  very  thin  boundary  layer,  has  a  very  high  convec- 
tive surface  heat  transfer  coefficient.   Therefore,  on  a 
china  clay  model,  under  a  laminar  boundary  layer,  the  lead- 
ing edge  region  will  develop  first. 

The  transitional  and  turbulent  regions  are  characterized 
by  high  values  of  the  convective  surface  heat  transfer  co- 
efficient.  The  high  value  of   h   is  due  to  the  high 
transverse  mixing  and  transport  rates  in  turbulent  regions. 
Figure  6  shows  schematically  the  relative  values  of  the  con- 
vective surface  heat  transfer  coefficient  in  different 
regions  on  a  flat  plate.   Figure  6  was  used  as  a  guide  in 
analyzing  the  surface  patterns  which  developed  on  the  test 

models . 

A  complication  to  the  surface  flow  analysis  is  the 

unwanted  existence  of  point  turbulence  generators.   These 

are  generally  large  china  clay  particles  on  the  model 
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surface.   They  are  readily  detected  as  a  result  of  the 
triangular  pattern  of  dry  surface  which  develops  behind  the 
particles.   The  disturbances  are  undesirable  because  they 
cause  premature  transition  in  the  ideally  two-dimensional 
surface  boundary  layer.   Reference  8  details  the  effects  of 
this  type  of  disturbance. 

D.   TEST  MODELS 

The  flat  plate  model  was  constructed  of  7075-T6  aluminum 
with  finished  dimensions  of  10  x  10  x  3/8  inches.   One  end, 
as  shown  in  Figure  4,  was  machined  to  a  sharp  leading  edge 
with  a  7   ramp  angle.   The  opposite  end  was  machined  with  a 
leading  edge  radius  of  0.044  inch  and  a  7   ramp  angle.   The 
model  was  then  black  anodized  prior  to  mounting  the  shank. 

The  DCA  blade  model  was  cast  of  an  aluminum- filled  epoxy 
using  an  original  blade  as  a  master.   Because  the  epoxy  was 
not  strong  enough  itself  to  withstand  the  blade  loads,  a 
steel  backbone  0.06  3  inch  thick  and  1.5  inches  wide  was 
molded  into  the  blade  the  entire  length  of  the  span.   The 
epoxy  was  dark  enough  when  cast  to  make  additional  darkening 
agents  unnecessary. 

Both  models  were  built  with  detachable  aluminum  shanks. 
The  shanks  were  pinned  to  a  tongue  which  was  an  integral 
part  of  the  model.   With  the  model  and  shanks  assembled,  a 
china  clay  coating  was  applied  following  the  description  in 
Reference  6. 
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E.   TEST  PROCEDURE 

The  process  for  using  the  china  clay  technique  required 
the  cascade  test  section  wall  to  be  removed  prior  to  spray- 
ing the  methyl  salycilate  developer  on  the  test  model. 
Care  was  taken  to  keep  the  developer  layer  as  thin  as  possi- 
ble.  It  was  found  that  a  gentle  blotting  of  the  surface 
with  a  clean  paper  towel  did  not  adversely  affect  the  tests 
or  the  china  clay  surface  and  helped  to  keep  the  developer 
layer  uniformly  thin.   The  test  section  wall  was  then 
replaced  and  the  test  performed. 

The  drying  process  on  the  model  surface  was  dependent 
on  the  flow  velocity.   For  example,  at  flow  velocities  on 
the  order  of  100  feet  per  second,  the  DCA  blade  would 
develop  the  transition  pattern  in  approximately  three 
minutes;  at  200  feet  per  second  the  transition  pattern 
would  appear  in  less  than  a  minute.   This  meant  that  at  the 
higher  Reynolds  Numbers  the  surface  drying  patterns  would 
change  very  quickly.   Visual  observation  and  still  photo- 
graphs were  made,  however,  the  motion  pictures  made  of  the 
drying  process  were  the  most  useful.   The  motion  picture 
camera,  however,  required  the  most  care  in  the  control  of 
lighting  and  camera  angles. 
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III.   TEST  PROGRAM  AND  RESULTS 

A.  OUTLINE  OF  TESTS 

The  present  study  was  conducted  in  two  phases.   The 
first  phase  was  to  mount  the  flat  plate  model  alone  in  the 
center  of  the  cascade  with  a  straight-through  passage  and 
to  run  it  with  the  same  inlet  flow  conditions  as  for  the  DCA 
blades.   This  provided  a  means  of  "calibrating"  the  china 
clay  visualization  technique  to  be  use  on  the  DCA  blades. 
Additionally,  leading  edge  radius  effects  could  be  examined 
without  the  influence  of  blade  curvature. 

The  second  phase  was  the  study  of  the  surface  flow  over 
the  DCA  blades.   Emphasis  was  placed  on  obtaining  visual 
evidence  of  transition  and  separation  over  a  range  of 
incidence  angles  and  Reynolds  Numbers.   Surface  pressures 
were  also  obtained. 

B.  TEST  PROGRAM 

The  flat  plate  was  placed  in  the  cascade  with  the  sharp 
leading  edge  forward  such  that  the  flow  incidence  angle  to 
the  flat  surface  was  -0.5  .   This  was  done  to  insure  that 
there  would  be  no  leading  edge  separation.   Three  tests  were 
conducted  at  three  different  Reynolds  Numbers  (based  on 
plate  length)  ranging  from  0.5  x  10   to  1.25  x  10  .   Obser- 
vations of  the  high  shear  regions  of  the  laminar  boundary 
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layer  and  movement  of  the  transition  location  were  made. 
Figure  7  is  a  representative  example  of  the  drying  patterns 
observed  on  the  flat  plate.   The  transition  points  on  the 
flat  plate  and  the  Reynolds  Numbers  at  which  they  occurred 
are  shown  in  Figure  8.   Transition  was  determined  to  have 
occurred  when  three  conditions  were  met:   1)  a  region  of 
rapid  drying  occurred  near  the  leading  edge,  2)  a  region  of 
surface  drying  developed  farther  downstream  on  the  blade 
after  the  leading  edge  region  developed,  and  3)  there  was 
no  separation  bubble  near  the  leading  edge.   The  measurement 
of  the  transition  point  was  made  at  the  leading  edge  of  the 
second  region  of  surface  drying  once  that  region  had 
completed  a  rapid,  erratic  three-dimensional  development  and 
had  just  begun  to  move  two-dimensionally  towards  the 
leading  edge.   One  test  was  then  conducted  with  the  flow 
incidence  angle  to  the  flat  surface  set  at  +0.5   to  examine 
the  visual  appearance  and  sensitivity  of  the  flow  to  leading 
edge  separation. 

The  flat  plate  was  then  placed  in  the  flow  with  the 
rounded  leading  edge  forward.  Three  tests  were  conducted 
with  the  flow  incidence  angle  to  the  flat  surface  ranging 
from  -4  to  +4  .  The  flow  velocity  was  the  same  for  the 
three  tests.  Figure  9  shows  examples  of  the  photographic 
results  of  the  three  tests.  The  transition  point  as  well 
as  the  leading  edge  separation  and  reattachment  point  for 
the  three  tests  are  shown  in  Figure  10. 
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The  DCA  blade  cascade  was  configured  to  have  the  para- 
meters given  in  Table  II.   The  five  flow  incidence  angles 
used  by  Cina  [Ref.  9]   were  set  in  turn.   At  each  flow  inci- 
dence angle,  three  tests  were  conducted  at  Reynolds  Numbers 
based  on  chord  length  ranging  from  0.3  x  10   to  0.8  x  10  . 
Photographic  records  of  the  china  clay  observations  are 
presented  in  Figure  11.   Surface  pressure  data  were 
recorded,  converted  to  velocities,  and  are  presented  in 
Figure  12.   Transition,  separation  and  reattachment  points 
deduced  from  the  observations  are  shown  in  Figure  13. 
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IV .   DISCUSSION 

A.   FLAT  PLATE  EXPERIMENTS 

The  flat  plate  was  designed  to  have  some  of  the  same 
features  as  the  DCA  blade.   For  example,  the  ramp  angle  of 
7   on  the  flat  plate  approximated  the  angle  between  the 
suction  and  pressure  surfaces  on  the  leading  edge  of  the  DCA 
blade,  and  the  rounded  leading  edge  was  identical  to  the 
leading  edge  of  the  DCA  blade.   The  length  of  10  inches  was 
chosen  to  insure  sufficient  chord  length  for  transition  to 
occur. 

The  tests  with  the  sharp  leading  edge  forward  and  -0.5 
incidence  angle,  Figure  7,  clearly  showed  that  transition 
occurred  in  an  irregular  pattern  and  that  the  region  of  high 
shear  laminar  boundary  layer  covered  approximately  one 
quarter  of  the  laminar  boundary  layer  region.   Shown  in 
Figure  8,  transition  Reynolds  Numbers  were  relatively 
constant  at  approximately  0.82  x  10  .   Since  the  transition 
region  on  a  flat  plate  under  good  wind  tunnel  conditions 

is  recognized  to  occur  at  Reynolds  Numbers  of  0.3  to 

g 
0.5  x  10  ,  indications  are  that  the  flow  has  very  low 

turbulence  and  that  the  china  clay  surface  did  not  introduce 

any  critical  flow  disturbances. 

With  the  rounded  leading  edge  forward  and  positive 

incidence  angles,  a  definite  separation  bubble  appeared  on 
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the  flat  plate.   At  -1°  and  -3   incidence  angles  to  the  flat 
plate  surface  the  separation  bubble  persisted.   At  -4  , 
however,  the  flat  plate  again  presented  the  same  surface 
drying  patterns  as  the  flat  plate  with  the  sharp  leading  edge 
and  -0.5   incidence  angle.   Since  -3.5   incidence  to  the  flat 
surface  was  equivalent  to  0   incidence  to  the  effective 
"camber  line"  at  the  leading  edge,  the  flow  saw  a  lifting 
surface  near  the  leading  edge  at  all  incidence  angles  greater 
than  -3.5  .   This  implies  the  occurrence  of  a  favorable  pres- 
sure gradient  from  the  stagnation  point  followed  by  an 
adverse  pressure  gradient  around  the  remainder  of  the  leading 
edge  to  the  suction  surface.   Reference  8  indicates  that 
adverse  pressure  gradients  as  low  as  5%  were  sufficient  to 
cause  the  surface  flow  to  transition  to  turbulent.   Therefore, 
for  the  incidence  angles  to  be  examined  in  this  study  and 
the  leading  edge  radius  to  be  used,  turbulent  flow  over  the 
major  part  of  the  surface  might  be  expected  to  occur  for 
incidence  angles  greater  than  -3.5°. 

The  question  of  whether  the  flow  after  the  separation 
bubble  reattaches  laminarly  or  turbulently  was  resolved  by 
comparison  of  the  drying  rates  in  the  corners  with  those 
along  the  center  of  the  blade.   Since  the  corner  flow  was 
turbulent,  a  centerline  flow  that  produced  a  dry  surface 
pattern  at  the  same  rate  as  the  corners  must  have  had  a 
similar  value  of   h   and  therefore  probably  have  been 
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similarly  turbulent.  Based  on  this  argument,  in  all  tests 
with  a  leading  edge  separation  bubble,  the  flow  reattached 
turbulent ly. 

B.   DCA  BLADE  EXPERIMENTS 

The  results  of  the  DCA  blade  experiments  could  be 
interpreted  following  the  experience  established  using  the 
flat  plate  model.   Many  effects  were  similar  to  the  flat 
plate  with  a  rounded  leading  edge.   As  is  consistent  with 
the  pressure  distributions  in  Figure  12,  for  positive  inci- 
dence angles  there  existed  a  separation  bubble  at  the  leading 
edge  with  a  turbulent  reattachment.   Turbulent  reattachment 
was  again  determined  by  comparing  the  drying  rates  in  the 
corners  with  the  centerline  drying  rates.   At  negative  flow 
incidence  angles  less  than  -3.5  ,  the  flow  over  the  suction 
surface  was  laminar  with  transition  occurring  at  approxi- 
mately 80%  chord  (see  Figures  lid  and  lie) .   Trailing  edge 
separation  on  the  suction  side  was  not  pronounced  for  the 
tests  at  negative  incidence  angles.   For  the  two  negative 
incidence  angles,  the  suction  surface  trailing  edge  separa- 
tion point  was  relatively  constant  at  96%  chord.   This 
behavior  at  negative  incidence  angles  is  evidenced  in 
Figure  12  by  the  "plateau"  like  behavior  of  the  pressure 
profile. 

It  should  be  noted  that  the  trailing  edge  separation 
points  were  difficult  to  define  precisely  because  of  an 
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accumulation  of  developer  liquid  under  gravity  in  regions 
of  separation.   This  would  cause  premature  separation,  as  the 
fluid  must  be  supported  by  the  flow.   Consequently,  an  esti- 
mate and  not  a  measurement  of  the  point  of  separation  was 
made.   These  estimates  were  plotted  in  Figure  13  and  show 
the  approximate  movement  of  the  separation  points  with 
variation  in  incidence  angle. 

The  results  in  Figure  13  would  suggest  that  there  might 
be  qualitative  differences  in  the  behavior  of  the  blade 
losses  as  incidence  is  changed  for  incidence  angles  greater 
than  2.1   compared  to  those  for  incidence  angles  less  than 
-4.9  .  Such  a  difference  was  found  by  Himes  and  can  be  seen 
in  Figure  9  of  Reference  5. 
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V.   CONCLUSIONS 

The  following  conclusions  were  drawn  concerning  the  DCA 
blade  boundary  layer : 

1.  At  flow  incidence  angles  between  2.1   and  8.9  ,  the 
boundary  layer  separated  very  near  the  leading  edge,  tran- 
sitioned to  turbulent  flow,  and  reattached  immediately 
downstream  on  the  suction  surface  of  the  blade.   The  exact 
point  of  reattachment  was  controlled  by  the  incidence 
angle. 

2.  At  flow  incidence  angles  less  than  -4.9  ,  a  laminar 
boundary  layer  existed  over  most  of  the  suction  surface 

and  transition  occurred  at  approximately  80%  chord  depending 
on  incidence  angle  and  blade  chord  Reynolds  Number. 

3.  Trailing  edge  separation  was  observed  on  the  suction 
surface  at  all  incidence  angles.   The  movement  of  the 
separation  point  went  from  approximately  96%  chord  at  -9.2 
incidence  angle  to  84%  chord  at  8.8   incidence  angle. 

4.  Tests  at  several  incidence  angles  between  -4   and 
-12   are  necessary  to  completely  define  the  blading  perfor- 
mance. 
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TABLE  I 


NOMINAL  FLOW  VELOCITY  AND  TEST  REYNOLDS  NUMBERS 


FLAT  PLATE 

SETTING 

APPROX.  VELOCITY 

Rec 

LOW 

114  ft/sec 

0.6  x  10 

MED 

162  ft/sec 

0.8  x  10 

HIGH 

204  ft/sec 

1.1  x  10 

DCA  BLADE 

SETTING 

APPROX.  VELOCITY 

Re 
c 

LOW 

114  ft/sec 

0.3  x  10 

MED 

162  ft/sec 

0.4  x  10 

HIGH 

204  ft/sec 

0.5  x  10 
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TABLE  II 
DCA  BLADE  CASCADE  CONFIGURATION 


NO.  of  BLADES 

20 

SOLIDITY 

1.67 

STAGGER  ANGLE 

14.27 

SPACING 

3.0 

CAMBER  ANGLE 

45.72 

CHORD 

5.01 

THICKNESS  (%  cho: 

cd) 

7 
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1.  STABLE  FLOW 

2.  UNSTABLE  TOLLMEIN-SCHLICHTING  WAVES 

3.  3-D  WAVES  AND  VORTEX  FORMATION 

4.  BURSTING  OF  VORTICES 

5.  FULLY  TURBULENT  FLOW 


FIGURE  5.   FEATURES  OF  BOUNDARY  LAYER  FLOW  ON 
FLAT  PLATE  AT  0°  INCIDENCE. 
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NO  LEADING  EDGE  SEPARATION 

WITH  L.E.  SEPARATION  AND  LAMINAR  REATTACHMENT" 

WITH  L.E.  SEPARATION  AND  TURBULENT  REATTACHMENT 


0.2        0.4        0.6 
CHORDWISE  LOCATION,  X/C 


0.8 


1.0 


FIGURE  6.   RELATIVE  VALUES  OF  SURFACE  HEAT  TRANSFER 
RATES  UNDER  DIFFERENT  FLOW  CONDITIONS. 
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FIGURE  8.   TRANSITION  LOCATION  VS  REYNOLDS 
NUMBER  FOR  FLAT  PLATE. 
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0.2. 


£  FLOW  REATTACHMENT  POINTS 
FROM  LEADING  EDGE 
SEPARATION 

A  FLOW  TRANSITION  POINT 
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INCIDENCE  ANGLE,  i 


(deg) 


FIGURE  10.   TRANSITION  AND  REATTACHMENT  POINTS 
VS.  INCIDENCE  FOR  FLAT  PLATE  WITH 
ROUNDED  LEADING  EDGE 
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FIGURE  lib.   SURFACE  FLOW  PATTERN  ON  DCA  BLADE,  i  =  5.3' 
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FIGURE  lie.   SURFACE  FLOW  PATTERN  ON  DCA  BLADE,  i  =  2.1* 
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FIGURE  lid.   SURFACE  FLOW  PATTERN  ON  DCA  BLADE,  i  =  -4.9' 
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FIGURE  lie.   SURFACE  FLOW  PATTERN  ON  DCA  BLADE,  i  =  -9.2' 
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FIGURE    12a.       PRESSURE   AND   VELOCITY    DISTRIBU- 
TION   ON   THE    DCA   BLADE,    i    =    8.8° 
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PRESSURE  AND  VELOCITY  DISTRIBUTIONS  ON  THE 
DCA  BLADE,  i  =  5.3° 
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FIGURE  12c.   PRESSURE  AND  VELOCITY  DISTRIBUTION  ON  THE 
DCA  BLADE,  i  =  2.1°. 
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CHORD  LOCATION,  x/c 

PRESSURE  AND  VELOCITY  DISTRIBUTION  ON  THE  DCA 
BLADE,  i  =  -4.9°. 
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PRESSURE  AND  VELOCITY  DISTRIBUTION  ON  THE 
DCA  BLADE;  i  =  9.1°. 
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DCA  BLADE  SUCTION  SURFACE  FLOW  CHANGES  WITH 
INCIDENCE  ANGLE  (Re  =  .4  x  106). 
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APPENDIX  A:   PLENUM  MODIFICATION 

The  plenum  configuration  described  by  Moebius  [Ref.  4] 
introduced  large  scale  unsteadiness  into  the  flow  in  the 
process  of  solving  an  initial  problem  of  gross  non-uniformity 
in  time  average  flow.   When  near  failure  of  the  inlet  guide 
vanes  occurred  following  a  redesign  of  this  section  [Ref.  10] , 
the  flow  fluctuations  made  a  diagnosis  difficult  and  may  have 
contributed  to  the  problem.   In  the  redesign  of  the  guide 
vane  section,  two  sets  of  right  and  left  handed  vanes  were 
alternately  cantilevered  from  opposite  sides  of  the  cascade 
to  form  a  complete  array  of  vanes  at  one  inch  spacing.   After 
the  modification  was  completed,  the  flow  into  the  test  cas- 
cade was  found  to  be  unsatisfactory  and  the  adequacy  of  the 
plenum  arrangement  was  again  questioned.   The  flow  conditions 
into  the  plenum  chamber  through  the  sound  baffles  (Fig.  1) 
which  were  present  at  that  time  are  qualitatively  shown  in 
Figure  Al.   The  pressure  distribution  and  yaw  angle 
variation  for  the  region  downstream  of  the  inlet  guide  vanes 
into  the  test  cascade  are  also  shown  in  Figures  A2  and  A3, 
respectively. 

To  remove  the  cause  of  fluctuations  in  the  plenum  the 
baffles  and  diverter  plates  (Fig.  1)  were  removed.   As  shown 
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in  Figures  A4  and  A5 ,    this  had  a  negative  effect  on  the 
distributions  into  the  cascade  test  section,  although  the 
steadiness  was  much  improved. 

Based  on  the  prevailing  conditions  recorded  in 
Figures  Al,  A4  and  A5 ,  modification  of  the  plenum  from  the 
blower  exit  to  the  inlet  guide  vanes  was  attempted.   First, 
the  screens  on  the  west  end  of  the  sound  baffles  were 
removed.   A  diffusing  screen  arrangement  shown  in  Figure  A6 , 
was  then  placed  over  the  blower  exit.   A  more  even  distribu- 
tion of  flow  from  the  sound  baffles  was  realized,  as  shown 
in  Figure  A7. 

Next,  an  array  of  turning  vanes  fabricated  from  mate- 
rials used  earlier  by  Bartocci  [Ref.  3]  was  put  into  the 
plenum  chamber.   The  configuration  of  that  array  is  shown 
in  Figure  A8 .   The  array  was  designed  according  to  methods 
described  by  Idel'chik  [Ref.  11].   The  number  of  vanes  was 
determined  by  the  equation 


DH 
n    =  1.4(— ) 
opt       r 


where   DTJ  =  hydraulic  diameter 

r  =  radius  of  curvature 

n  =  optimum  number  of  blades 
opt 
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The  spacing  of  the  blades  was  important  and  was  arrived  at 
by  using  the  following  equation  from  Reference  11; 


ai  =  °-67  5-h:  (1  +  Nr1' 


where  s   =  overall  length  of  the  turning  vane  array 
n   =  number  of  blades  in  the  array 
i   =  specific  blade  number,  l,2,3,...n 
a,  =  spacing  for  'ith"  blade  number. 
Foiling  the  installation  of  the  vanes,  pressure  and  flow  yaw 
angle  data  were  recorded  and  are  presented  in  Figures  A9  and 
A10.   An  improvement  in  time-mean  conditions  resulted, 
however,  it  was  noted  that  flow  in  the  plenum  was  still  not 
as  stable  as  was  desired.   It  was  found  experimentally  that 
the  flow  coming  out  of  the  turning  vanes  had  a  vortex  and 
eddying  motion  such  as  that  depicted  in  Figure  All. 

To  eliminate  this  vortex  production  a  total  enclosure 
of  the  turning  vanes  was  constructed.   Figure  A12  shows  a 
sketch  of  the  enclosed  turning  vanes.   Figures  A13  and  A14 
show  the  resulting  pressure  and  flow  yaw  angle  distributions, 

With  the  plenum  in  its  final  form,  the  total  pressure 
was  shown  (Fig.  A15)  to  vary  less  than  4%  over  the  span  of 
the  cascade  with  the  walls  at  39.2  and  the  flow  yaw  angle 
to  vary   +0.75°  ,  (Fig.  A16). 
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FIGURE  All.   VORTEX  FLOW  AROUND  ENDS  OF  TURNING 
VANES. 


65 


FIGURE  A12 


ENCLOSED  TURNING  VANE  ARRAY, 
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